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research, and these reports are consolidated into this annual report.
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PREFACE

This volume is part of a five-volume set that summarizes the research of participants in the 1992
AFOSR Summer Research Extension Program (SREP). The current volume, Volume 2 of 3,
presents the final reports of SREP participants at Phillips Laboratory.

Reports presented in this volume are arranged alphabetically by author and are numbered
consecutively -- e.g., 1-1, 1-2, 1-3; 2-1, 2-2, 2-3, with each series of reports preceded by a
22-page management summary. Reports in the five-volume set are organized as follows:

VOLUME TITLE

1A Armstrong Laboratory (part one)

1B Armstrong Laboratory (part two)

2 Phillips Laboratory

3 Rome Laboratory

4A Wright Laboratory (parf one)

4B Wright Laboratory (part two)

5 Air Force Civil Engineering Laboratory, Arnold Engineering Development Center,

Frank J. Seiler Research Laboratory, Wilford Hall Medical Center
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1992 SUMMER RESEARCH EXTENSION PROGRAM FINAL REPORTS

1992 Summer Research Extension Program Management Report . . . . ..
Phillips Laboratory

Report
Number Report Title

1  Heterodyne Laser Speckle Imaging through Atmosphere
2 Numerical Studies of Inversion Problems Arising in Lidar Measurements

3 Rates and Scaling Rules for Vibrational Relaxation of OH(n) in Collisions with
Atmospheric Constituents

4  Dispersion Effects in Fiberoptic Interferometry
5  Vibration Suppression of the ASTREX Structure During Slewing Maneuvers

6 The Development and Use of Digital Geographic Information within the
Advanced Research Initiative for Simulation and Tactical Aids (ARISTA)

7  Modeling of Liquid Jet Atomization Processes

8  Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM)
and Synchrotron Radiation Work for the Development of a New Detector

9  Model Reduction and Control of ASTREX

10 Theoretical Study Concerning Instabilities Excited in the Ionosphere by the
Obliquely Transmitting Powerful Radio Waves

11 Studies of Broad-Band Optical Absorbers for Solar-Powered Rocket Systems
12 Radiative Energy Transfer in Wave Optics

13 Improvised Passive Damping in Composite Tubes Used in Large Space
Structures

14 Chemical and Structural Effects Caused by Hypervelocity Impacts to Polysulfone
Graphite Reinforced Composite and Its Resin

15 End Point Trajectory Control of Elastic Multi-Body System
16 Nuclear and Plasma Physics with Antiprotons
17 Spectroscopic Parameters of Oxygen for Atmospheric Modeling

18 Experimental Investigation of Homogeneous and Heterogeneous
Nucleation/Condensation Processes and Products in Coil
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1992 SUMMER RESEARCH EXTENSION PROGRAM (SREP) MANAGEMENT REPORT
1.0 BACKGROUND

Under the provisions of Air Force Office of Scientific Research (AFOSR) contract F49620-90-C-
0076, September 1990, Research & Development Laboratories (RDL), an 8(a) contractor in
Culver City, CA, manages AFOSR's Summer Research Program. This report is issued in partial
fulfillment of that contract (CLIN 0003AC).

The name of this program was changed during this year's period of performance. For that
reason, participants' cover sheets are captioned "Research Initiation Program" (RIP), while the
covers of the comprehensive volumes are titled "Summer Research Extension Program" (SREP).
The program's sponsor, the Air Force Office of Scientific Research (AFOSR), changed the name
to differentiate this program from another which also bore its original name.

Apart from this name change, however, the program remained as it has been since its initiation
as the Mini-Grant Program in 1983. The SREP is one of four programs AFOSR manages under
the Summer Research Program. The Summer Faculty Research Program (SFRP) and the
Graduate Student Research Program (GSRP) place college-level research associates in Air Force
research laboratories around the United States for 8 to 12 weeks of research with Air Force
scientists. The High School Apprenticeship Program (HSAP) is the fourth element of the
Summer Research Program, allowing promising mathematics and science students to spend two
months of their summer vacations at Air Force laboratories within commuting distance from their
homes.

SFRP associates and exceptional GSRP associates are encouraged, at the end of their summer
tours, to write proposals to extend their summer research during the following calendar year at
their home institutions. AFOSR provides funds adequate to pay for 75 SREP subcontracts. In
addition, AFOSR has traditionally provided further funding, when available, to pay for additional
SREP proposals, including those submitted by associates from Historically Black Colleges and
Universities (HBCUs) and Minority Institutions (MIs). Finally, laboratories may transfer internal
funds to AFOSR to fund additional SREPs. Ultimately the laboratories inform RDL of their
SREP choices, RDL gets AFOSR approval, and RDL forwards a subcontract to the institution
where the SREP associate is employed. The subcontract (see Attachment 1 for a sample) cites
the SREP associate as the principal investigator and requires submission of a report at the end
of the subcontract period.

Institutions are encouraged to share costs of the SREP research, and many do so. The most
common cost-sharing arrangement is reduction in the overhead, fringes, or administrative
changes institutions would normally add on to the principal investigator's or research associate's
labor. Some institutions also provide other support (e.g., computer run time, administrative
assistance, facilities and equipment or research assistants) at reduced or no cost.

When RDL receives the signed subcontract, we fund the effort initially by providing 90% of the
subcontract amount to the institution (normally $18,000 for a $20,000 SREP). When we receive
the end-of-research report, we evaluate it administratively and send a copy to the laboratory for
a technical evaluation. When the laboratory notifies us the SREP report is acceptable, we release
the remaining funds to the institution.
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2.0 THE 1992 SREP PROGRAM

SELECTION DATA: In the summer of 1991, 170 faculty members (SFRP associates) and 142
graduate students (GSRP associates) participated in the summer program. Of those, 147 SFRPs
and 10 GSRPs submitted SREP proposals; 88 SFRP SREPs and 7 GSRP SREPs were selected

for funding (total: 95).

Summer Submitted

1991 SREP SREPs

Participants || Proposals | Funded
SFRP 170 147 88
GSRP 142 10 7

The funding was provided as follows:

Contractual slots funded by AFOSR 75
Laboratory-funded 13
Additional funding from AFOSR _Z

Total 95

Seven HBCU/MI associates from the 1991 summer program submitted SREP proposals; five
were selected (one was lab-funded; four were funded by additional AFOSR funds).

By laboratory, the applications submitted and selected show in the following table:

Applied | Selected
Air Force Civil Engineéring Laboratory 6 4
Armstrong Laboratory 34 20
Amold Engineering Development Center 12 2
Frank J. Seiler Research Laboratory 5 3
Phillips Laboratory 30 18
Rome Laboratory 16 11
Wilford Hall Medical Center 1 1
Wright Laboratory 53 36
TOTAL 157 95

Note: Phillips Laboratory funded 2 SREPs; Wright Laboratory funded 11; and AFOSR
funded 7 beyond its contractual 75.
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ADMINISTRATIVE EVALUATION: The administrative quality of the SREP associates' final
reports was satisfactory. Most complied with the formatting and other instructions RDL provided
to them. In the final days of December 1992 and in the first two months of 1993, several
associates called and requested no-cost extensions of up to six months. After consultation with
our AFOSR Contracting Officer's Representative, RDL approved the requests but asked that all
such associates provide an interim report to be included in this volume. That caused an AFOSR-
approved delay beyond the 1 April 1993 submission of this report. The subcontracts were
funded by $1,893,616 of Air Force money. Institutions' cost sharing amounted to $948,686.

TECHNICAL EVALUATION: The form we used to gather data for technical evaluation and
the technical evaluations of the SREP reports are provided as Attachment 2. This summary
evaluation is shown by SREP number. The average rating range was from 3.1 to 5.0. The
overall average for those evaluated was 4.6 out of 5.00. The three rating factors with the highest
average scores were:

o The USAF should continue to pursue the research in this RIP report.
o The money spent on this RIP report was well worth it.
o I'll be eager to be a focal point for summer and RIP associates in the future.

Thus it is clear that the laboratories place a high value on AFOSR's Summer Research Program:
SFRP, GSRP, and SREP.

3.0 SUBCONTRACTS SUMMARY

Table 1 lists contractually required information on each SREP subcontract. The individual
reports are published in volumes as follows:

Laboratory Volume

Air Force Civil Engineering Laboratory
Armstrong Laboratory

Armold Engineering Development Center
Frank J. Seiler Research Laboratory
Phillips Laboratory

Rome Laboratory

Wilford Hall Medical Center

Wright Laboratory

S WK =
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TABLE 1: SUBCONTRACTS SUMMARY

Highest Subcontract

Researcher's name Degree Number Duration
Institution Department

Location Amount Sharing

Abbott, Ben A MS 135 01/01/92-12/31/92
Vanderbilt University Dept of Electrical Engineering
Nashville, TN 37235 19966.00 0.00

Acharya, Raj PhD 151 01/01/92-12/31/92
State University of New York, Buffalo Dept of Electrical & Comp Engrg
Buffalo, NY 14260 20000.00 0.00

Adams, Christopher M PhD 68 01/01/92-12/31/92
Oklahoma State University Dept of Chemistry

Stillwater, OK 74078 20000.00 0.00
Anderson, Richard A PhD 50 01/01/92-12/31/92
University of Missouri, Rolla Dept of Physics

Rolla, MO 65401 20000.00 5000.00

Arora, Vijay K PhD 3 10/01/91-09/30/92
Wilkes University Dept of Electrical & Comp Engrg
Wilkes-Barre, PA 18766 19996.00 36208.00

Ball, William P PhD 71 01/01/92-12/31/92
Duke University Dept of Civil & Environmental Eng
Durham, NC 27706 20000.00 26747.00

Battles, Frank P PhD 152 01/01/92-12/31/92
Massachusetts Maritime Academy Dept of Basic Sciences

Buzzard's Bay, MA 025321803 20000.00 22000.00

Bieniek, Ronald J PhD 147 01/01/92-12/31/92
University of Missouri, Rolla Dept of Physics

Rolla, MO 65401 19945.00 4000.00
Blystone, Robert V PhD 127 01/01/92-12/31/92
Trinity University Dept of Biology

San Antonio, TX 78212 20000.00 14783.00

Cha, Soyoung S PhD 011 01/01/92-12/31/92
University of Illinois, Chicago Dept of Mechanical Engineering
Chicago, IL 60680 20000.00 3842.00

Chandra, D. V. Satish PhD 89 01/18/92-10/17/92
Kansas State University Dept of Electrical Engineering
Manhattan, KS 66506 20000.00 11170.00
Chenette, Eugene R PhD 106 01/01/92-12/31/92
University of Florida Dept of Electrical Engineering
Gainesville, FL 32611 20000.00 0.00
Christensen, Douglas A PhD 83 01/01/92-12/31/92
Universgity of Utah Dept of Electrical Engineering

Salt Lake City, UT 84112 19999.00 5000.00
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Chubb, Gerald P
Ohio State University
Columbus, OH 43235

Courter, Robert W
Louisiana State University
Baton Rouge, LA 70803

Dey, Pradip P
Hampton University
Hampton, VA 23668

Draut, Arthur W
Embry Riddle Aeronautical University
Prescott, AZ 86301

Dreisbach, Joseph
University of Scranton
Scranton, PA 185104626

Dror, Itiel
Harvard University
Cambridge, MA 02138

Drost-Hansen, W.
University of Miami
Coral Gables, FL 33124

Dunleavy, Lawrence P
University of South Florida
Tampa, FL 33620

Evans, Joseph B
University of Kansas
Lawrence, KS 66045

Flowers, George T
Auburn University
Auburn, AL 368495341

Gantenbein, Rex E
University of Wyoming
Laramie, WY 82071

Garcia, Ephrarim
Vanderbilt University
Nashville, TN 37235

German, Fred J
Auburn University
Auburn University, AL 36830

Gould, Richard D
North Carolina State University
Raleigh, NC 276957910

Gove, Randy L
University of Alabama, Huntsville
Huntsville, AL 35899

Grabowski, Marek

University of Colorado, Colorado Springs

Colorado Springs, CO 809337150

PhD 26 01/01/92-12/31/92
Dept of Aviation

20000.00 7600.00

PhD 8 10/01/91-09/30/92
Dept of Mechanical Engineering
20000.00 445.00

PhD 120 01/01/92-12/31/92
Computer Science Department

19921.00 0.00

PhD 133 01/06/92-05/08/92
Computer Science Dept

19431.00 0.00

PhD 108 12/01/91-12/01/92
Dept of Chemistry

20000.00 4000.00

BS 76 01/01/92-12/31/92
Dept of Psychology

20000.00 0.00

PhD 124 12/01/91-12/01/92
Dept of Chemistry

20000.00 12000.00

PhD 41 01/01/92-12/31/92
Dept of Electrical Engineering
20000.00 6463.00

PhD 96 01/01/92-12/31/92
Dept of Electrical & Comp Engrg
20000.00 0.00

PhD 73 01/01/92-12/30/92
Dept of Mechanical Engineering
19986.00 12121.00

PhD 22 01/01/91-12/31/92
Dept of Computer Science

20000.00 26643.00

PhD 32 12/01/91-11/30/92
Dept of Mechanical Engineering
20000.00 9659.00

PhD 49 01/01/92-12/31/92
Dept of Electrical Engineering
20000.00 0.00

PhD 87 01/01/92-12/31/92
Dept of Mech and Aerospace Engrg
20000.00 14424 .00

MS 122 01/01/92-12/31/92
Dept of Physics

20000.00 3469.00

PhD 92 01/01/92-12/31/92
Dept of Physics

197.00.00 0.00

INTRODUCTION - 5




Gunaratne, Manjriker
University of South Florida
Tampa, FL 33620

Hall, Ernest L
University of Cincinnati
Cincinnati, OH 452210072

Hamilton, William L
Salem State College
Salem, MA (01970

Hamilton, Kirk L
Xavier University of Louisiana
New Orleans, LA 70125

Harris, Harold H
University of Missouri, St.Louis
St. Louis, MO 63121

Hartung, George H
University of Hawaii
Honolulu, HI 96822

Hatfield, Steven L
University of Kentucky
Lexington, KY 40506

Hedman, Paul 0O'Dell
Brigham Young University
Provo, UT 84602

Heister, Stephen D
Purdue University
West Lafayette, IN 47907

Hess, David J
University of Texas, Austin
Austin, TX 78713

Hoffman, R. W
Case Western Reserve University
Cleveland, OH 44106

Huerta, Manuel A
University of Miami
Coral Gables, FL 33124

Hui, David
University of New Orleans
New Orleans, LA 70148

Iyer, Ashok
University of Nevada, Las Vegas
Las Vegas, NV 89154

Khonsari, Michael M
University of Pittsburgh
Pittsburgh, PA 15260

Kibert, Charles J
University of Florida
Gainesville, FL 32611

PhD 90 01/01/92-12/31/92
Dept of Civil Engrg & Mechanics

19994 .00 10062.00

PhD 134 01/01/92-12/31/92
Dept of Robotics Research

19975.00 0.00

PhD 47 01/01/92-12/31/92
Dept of Geography

20000.00 32000.00

PhD 57 01/01/92-12/31/92
Dept of Biology

20000.00 16100.00

PhD 94 01/01/92-12/31/92
Dept of Chemistry

19300.00 8600.00

PhD 46 01/01/92-12/31/92
Dept of Physiology

20000.00 7530.00

BS 23 01/01/92-12/31/92
Dept of Materials Science & Engrg
20000.00 28625.00

PhD 17 01/01/92-12/31/92
Dept of Chemical Engineering

19999.00 6928.00

PhD 5 01/01/92-12/31/92
School of Aero & Astronautics
20000.00 4419.00

BA 149 01/01/92-12/31/92
Dept of Psychology

19914.00 8784 .00

PhD 99 01/01/92-12/31/92
Dept of Physics

198770.00 0.00

PhD 62 01/01/92-12/31/92
Dept of Physics

20000.00 1207.00

PhD 116 01/01/92-12/31/92
Dept of Mechanical Engineering
20000.00 0.00

PhD 74 01/01/92-12/31/92
Dept of Electrical & Comp Engrg
20000.00 18549.00

PhD 53 01/01/92—12/31/92
Dept of Mechanical Engineering
20000.00 32958.00

PhD 2 01/01/92-12/31/92
Dept of Fire Testing & Research
20000.00 6928.00
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Klarup, Douglas G
University of Montana
Missoula, MT 59812

Koblasz, Arthur J
Georgia Institute of Technology
Atlanta, GA 30332

Kornreich, Philipp
Syracuse University
Syracuse, NY 13244

Kuo, Spencer P
Polytechnic University
Farmingdale, NY 11735

Langhoff, Peter W
Indiana University
Bloomington, IN 47402

Lee, Byung-Lip
Pennsylvania State University
University Park, PA 16802

Leigh, Wallace B
Alfred University
Alfred, NY 14802

Liddy, Elizabeth
Syracuse University
Syracuse, NY 132444100

Liu, Cheng
University of North Carolina, Charlotte
Charlotte, NC 28270

Main, Robert G
California State University, Chico
Chico, CA 958290504

Mains, Gilbert J
Oklahoma State University
Stillwater, OK 74078

Marathay, Arvind S
University of Arizona
Tucson, AZ 85721

Martin, Charlesworth R
Norfolk State University
Norfolk, VA 23504

Mayes, Jessica L
University of Kentucky
Lexington, KY 405034203

Mulligan, Benjamin E
University of Georgia
Athens, GA 30602

Munday, Edgar G
University of North Carolina, Charlotte
Charlotte, NC 28223

PhD 84 01/01/92-12/31/92
Dept of Chemistry

20000.00 0.00

PhD 145 01/01/92-09/30/92
Dept of Civil Engineering

19956.00 0.00

PhD 35 10/01/91-09/30/92

Dept of Electrical & Comp Engrg
20000.00 0.00

PhD 59 01/01/92-12/31/92
Dept of Electrical Engineering
20000.00 9916.00

PhD 115 01/01/92-12/31/92
Dept of Chemistry

20000.00 35407.00

PhD 93 01/01/92-12/31/92

Dept of Engrg Science & Mechanics
20000.00 8173.00

PhD 118 01/01/92-12/31/92
Dept of Electrical Engineering
19767.00 18770.00

PhD 104 01/01/92-12/31/92
Dept of Information Studies

20000.00 0.00

PhD 6 11/01/99-12/31/92

Dept of Engineering Technology
20000.00 0.00

PhD 28 01/01/92-06/30/92
Dept of Communication Design
20000.00 7672.00

PhD 52 01/01/92-12/31/92
Dept of Chemistry

19071.00 8746.00

PhD 51 01/01/92-12/31/92
Dept of Optical Sciences

20000.00 0.00

PhD 125 01/01/92-12/31/92
Dept of Physics & Engineering
20000.00 0.00

BS 16 01/01/92-12/31/92

Dept of Material Science & Engrng
20000.00 28625.00

PhD 54 01/01/92-12/31/92
Dept of Psychology

19835.00 13677.00

PhD 38 10/01/91-10/30/92

Dept of Mechanical Engineering
20000.00 11638.00
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Nurre, Joseph H
Ohio University
Athens, OH 45701

Orkwis, Paul D
University of Cincinnati
Cincinnati, OH 452210070

Patra, Amit L
University of Puerto Rico
Mayaquez, PR 00681

Peters II, Richard A
Vanderbilt University
Nashville, TN 37235

Pollack, Steven K
University of Cincinnati
Cincinnati, OH 452200012

Prescott, Glenn E
University of Kansas
Lawrence, KS 66045

Price, James L
University of Iowa
Iowa City, IA 52242

Qazi, Salahuddin
SUNY, Utica
Utica, NY 13504

Rappaport, Carey M
Northeastern University
Boston, MA 02115

Rawson, Jenny L
North Dakota State University
Fargo, ND 58105

Riccio, Gary E
University of Illinois, Urbana
Urbana, IL 61821

Rotz, Christopher A
Brigham Young University
Provo, UT 84602

Schwartz, Martin
University of North Texas
Denton, TX 762035068

Senseman, David M
University of Texas, San Antonio
San Antonio, TX 78285

Sensiper, Martin
University of Central Florida
Orlando, FL 32816

Shamma, Jeff S .
University of Texas, Austin
Austin, TX 78713

PhD 56 01/01/92-12/31/92
Dept of Electrical & Comp Engrg

19842.00 15135.00

PhD 14 10/01/91-10/30/92
Dept of Engineering Mechanics
19966.00 23017.00

PhD 69 01/01/92-12/31/92
Dept of General Engineering

20000.00 2750.00

PhD 160 01/01/92-12/31/92
Dept of Electrical Engineering
20000.00 0.00

PhD 31 01/01/92-12/31/92
Dept of Materials Sci & Engrg
20000.00 14877.00

PhD 72 01/01/92-12/31/92
Dept of Electrical Engineering
20000.00 8000.00

PhD 48 01/01/92-12/30/92
Dept of Sociology

20000.00 8600.00

PhD 129 01/01/92-12/31/92
Dept of Electrical Engineering
20000.00 25000.00

PhD 58 01/01/92-06/30/92
Dept of Electrical & Comp Engrng
19999.00 0.00

PhD 144 01/01/92-12/31/92
Dept of Electrical Engineering
19997.00 19826.00

PhD 80 01/01/92-12/31/92
Dept of Human Perception

20000.00 0.00

PhD 136 12/01/91-12/31/92
Dept of Manufacturing Engineering
20000.00 11814.00

PhD 55 01/01/92-12/31/92
Dept of Chemistry

20000.00 18918.00

PhD 77 12/01/91-11/30/92
Dept of Information

20000.00 19935.00

BS 15 11/01/91-05/31/92
Dept of Electrical Engineering
20000.00 0.00

PhD 70 01/01/92-12/31/92
Dept of Electrical Engineering
20000.00 0.00
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Shively, Jon H
California State University, Northridge
Northridge, CA 91330

Singh, Sahjendra N
University of Nevada, Las Vegas
Las Vegas, NV 835014

Smith, Gerald A
Pennsylvania State University
University Park, PA 16802

Stephens, Benjamin R
Clemson University
Clemson, SC 29634

Sudkamp, Thomas
Wright State University
Dayton, OH 45435

Sydor, Michael
University of Minnesota, Duluth
Duluth, MN 55804

Tankin, Richard S
Northwestern University
Evanston, IL 60208

Taylor, Michael D
University of Central Florida
Orlando, FL 32816

Teegarden, Kenneth J
University of Rochester
Rochester, NY 14627

Tew, Jeffrey D
Virginia Polytech Instit and State Univ
Blacksburg, VA 24061

Tipping, Richard H
University of Alabama
Tuscaloosa, AL 35487

Tripathi, Ram C
University of Texas, San Antonio
San Antonio, TX 78249

Wells, Fred V
Idaho State University
Pocatello, ID 83209

Whitefield, Phillip D
University of Missouri, Rolla
Rolla, MO 65401

Wolfenstine, Jeffrey B
University California, Irvine
Irvine, CA 92717

Wolper, James S
Idaho State University
Pocatello, ID 83209

PhD 140 01/01/92-12/31/92
Dept of CIAM .

20000.00 14553.00

PhD 79 01/01/92-12/31/92

Dept of Electrical Engineering
20000.00 20595.00

PhD 63 07/01/92-07/01/93
Dept of Physics

20000.00 0.00

PhD 114 01/01/92-12/31/92
Dept of Psycology

19988.00 4250.00

PhD 97 01./01/92-08/31/92
Dept of Computer Science

20000.00 18739.00

PhD 11 01/01/92-12/31/92
Dept of Physics

20000.00 0.00

PhD 44 01/01/92-12/31/92

Dept of Mechanical Engineering
20000.00 29103.00

PhD 141 05/01/92-07/31/92
Dept of Mathematics

20000.00 1587.00

PhD 98 01/01/92-12/31/92
Dept of Optics

20250.00 60600.00

PhD 137 03/01/92-09/30/92

Dept of Industrial Engineering
17008.00 4564 .00

PhD 81 01/01/92-05/31/92
Dept of Physics & Astronomy

20000.00 15000.00

PhD 105 01/01/92-12/31/92
Dept of Mathematics

20000.00 2274.00

PhD 155 01/01/92-12/31/92
Dept of Chemistry

20000.00 8000.00

PhD 25 01/01/92-12/31/92
Dept of Chemistry

19991.00 25448.00

PhD 18 01/01/92-12/31/92

Dept of Mechanical Engineering
20000.00 11485.00

PhD 138 01/15/92-09/30/92
Dept of Mathematics
20000.00 4828.00
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Zavodney, Lawrence D
Ohio State University
Columbus, OH 43210

Zimmerman, Wayne J
Texas Women University
Denton, TX 76204

PhD 148 01/01/92-12/31/92
Dept of Engineering Mechanics

20000.00 0.00
PhD 111 01/01/92-12/31/92
Dept of Mathematics .
19990.00 8900.00
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ATTACHMENT 1:

SAMPLE SREP SUBCONTRACT




AIR FORCE OFFICE OF BCIENTIFIC RESEARCH
1993 SUMMER RESEARCH EXTENSION PROGRAM SUBCONTRACT 93-36

BETWEEN

Research & Development Laboratories
5800 Uplander Way
Culver City, CA 90230-6608

University of Delaware
sponsored Programs Admin.
Newark, DE 19716

REFERENCE: Summer Research Extension Program Proposal 93-36
gstart Date: 01/01/93 End Date: 12/31/93
Proposal amount: $20000.00

(1) PRINCIPAL INVESTIGATOR: Dr. Ian W. Hall
Materials BScience
University of Delaware
Newark, DE 19716

(2) UNITED STATES AFOSR CONTRACT NUMBER: F49620-90-C-09076

(3) CATALOG OF FEDERAL DOMESTIC ASSISTANCE NUMBER (CFDA): 12.800
PROJECT TITLE: AIR FORCE DEFENSE RESEARCH SOURCES PROGRAM

(4) ATTACHMENTS 1 AND 2: SREP REPORT INSTRUCTIONS

#%#% SIGN SREP SUBCONTRACT AND RETURN TO RDL #*#*%
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BACKGROUND: Research & Development Laboratories (RDL) is under contract (F49620-90-C-
0076) to the United States Air Force to administer the Summer Research Programs (SRP),
sponsored by the Air Force Office of Scientific Research (AFOSR), Bolling Air Force Base, D.C.
Under the SRP, a selected number of college faculty members and graduate students spend part
of the summer conducting research in Air Force laboratories. After completion of the summer tour
participants may submit, through their home institutions, proposals for follow-on research. The
follow-on research is known as the Research Initiation Program (RIP). Approximately 75 RIP
proposals annually will be selected by the Air Force for funding of up to $20,000; shared funding
by the academic institution is encouraged. RIP efforts selected for funding are administered by
RDL through subcontracts with the institutions. This subcontract represents such an agreement

between RDL and the institution designated in Section 5 below.
RDL PAYMENTS: RDL will provide the following payments to RIP institutions:

® 90 percent of the negotiated RIP dollar amount at the start of the RIP Research period.
® the remainder of the funds within 30 days after receipt at RDL of the acceptable written final
report for the RIP research.

INSTITUTION’S RESPONSIBILITIES: As a subcontractor to RDL, the institution designated on

the title page will:

a.  Assure that the research performed and the resources utilized adhere to those defined in the
RIP proposal. |

b.  Provide the level and amounts of institutional support specified in the RIP proposal.

c. Notify RDL as soon as possible, but not later than 30 days, of any changes in 3a or 3b
above, or any change to the assignment or amount of participation of the Principal
Investigator designated on the title page.

d.  Assure that the research is completed and the final report is delivered to RDL not later than
twelve months from the effective date of this subcontract. The effective date of the
subcontract is one week after the date that the institution’s contracting representative signs
this subcontract, but no later than January 15, 1992.

e.  Assure that the final report is submitted in the format shown in Attachment 1.
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f.  Agree that any release of information relating to this subcontract (news releases, articles,
manuscripts, brochures, advertisements, still and motion pictures, speeches, trade association
meetings, symposia, etc.) will include a statement that the project or effort depicted was or
is sponsored by: Air Force Office of Scientific Research, Bolling AFB, D.C.

g. Notify RDL of inventions or patents claimed as the result of this research in a format
specified in Attachment 1.

h. RDL is required by the prime contract to flow down patent rights and technical data
requirements in this subcontract. Attachment 2 to this subcontract contains a list of contract

clauses incorporated by reference in the prime contract.
4. All notices to RDL shall be addressed to:
RDL Summer Research Program Office

5800 Uplander Way
Culver City, CA 90230-6608

5. By their signatures below, the parties agree to the provisions of this subcontract.
Abe S. Sopher Signature of Institution Contracting Official
RDL Contracts Manager
Typed/Printed Name
Date Title
Institution
Date/Phone
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Attachment 1
Final Report Format

All RIP Principal Investigators will submit a final report of the research conducted.

One copy of the report is due to RDL no later than twelve months after the effective date of the

RIP subcontract. At the same time, submit one copy to the Air Force laboratory focal point.

The title page should contain the title of the research, the Principal Investigator and or other co-
investigators, the month and year of issue, the university with department and address, and

acknowledgement of sponsorship by AFOSR (see clause 3f of this subcontract).

For text, use a font that is 12 characters per inch (elite) and as close to letter quality as possible.
Start with the title in all caps one and one-half inches from the top of the first page; if the title
requires two or more lines, single space it. Double space below the title, and then center and type

the researcher’s title and name. Then space twice and begin the double-spaced text.

Use a one-and-one-half-inch left margin and a one-inch right margin for the body of the text.
Center page numbers at the foot of each page, one inch from the bottom. Each page should have
a one-inch margin at the top. The format should be that of a standard research paper: it should
begin with a one-paragraph abstract (on its own page) summarizing your work and should be
followed by an introduction, a discussion of the problem, a results section, and a conclusion. Since
multiple copies of your report may be required, assure that all pages can be readily copied to a
black-and-white 8 1/2" by 11" page. (No colors, such as blue or green, that don’t photocopy well,

and no foldouts, please.)

The report must be accompanied by a separate statement on whether or not any inventions or
patents have resulted from this research. If yes, use a DD Form 882 (supplied by RDL on request)
to indicate the patent ﬁlihg date, serial number, title, and a copy of the patent application, and
patent number and issue date for any subject invention in any country in which the subcontractor

has applied for patents.
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Attachment 2
Contract Clauses

This contract incorporates by reference the following clauses of the Federal Acquisition Regulations

(FAR), with the same force and effect as if they were given in full text. Upon request, the Contracting

Officer or RDL will make their full text available (FAR 52.252-2).

FAR CLLAUSES
52.202-1

52.203-1
52.203-3
52.203-5

52.304-6

52.203-7

52.203-12

52.204-2

52.209-6

52.212-8
52.215-1
52.215-2
52.222-26

52.222-28

52.222-35

52.222-36

TITLE AND DATE
DEFINITIONS (APR 1984)

OFFICIALS NOT TO BENEFIT (APR 1984)
GRATUITIES (APR 1984)
COVENANT AGAINST CONTINGENT FEES (APR 1984)

RESTRICTIONS ON SUBCONTRACTOR SALES TO THE GOVERNMENT
(JUL 1985)

ANTI-KICKBACK PROCEDURES (OCT 1988)

LIMITATION ON PAYMENTS TO INFLUENCE CERTAIN FEDERAL
TRANSACTIONS (JAN 1990)

SECURITY REQUIREMENTS (APR 1984)

PROTECTING THE GOVERNMENT’S INTEREST WHEN
SUBCONTRACTING WITH CONTRACTORS DEBARRED, SUSPENDED,
OR PROPOSED FOR DEBARMENT (MAY 1989) '
DEFENSE PRIORITY AND ALLOCATION REQUIREMENTS (MAY 1986)
EXAMINATION OF RECORDS BY COMPTROLLER GENERAL (APR 1984)
AUDIT - NEGOTIATION (DEC 1989)

EQUAL OPPORTUNITY (APR 1984)

EQUAL OPPORTUNITY PREAWARD CLEARANCE OF SUBCONTRACTS
(APR 1984) '

AFFIRMATIVE ACTION FOR SPECIAL DISABLED AND VIETNAM ERA
VETERANS (APR 1984)

AFFIRMATIVE ACTION FOR HANDICAPPED WORKERS (APR 1984)
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52.222-37

52.223-2

52.232-6

52.224-1

52.224-2

52.225-13

52.227-1

52.227-2

52.227-10

52.227-11

52.228-6

52.228-7

52.230-5

52.232-23

52.237-3

52.246-25

52.249-6

52.249-14

52.251-1

EMPLOYMENT REPORTS ON SPECIAL DISABLED VETERANS AND
VETERANS OF THE VIETNAM ERA (JAN 1988)

CLEAN AIR AND WATER (APR 1984)
DRUG-FREE WORKPLACE (MAR 1989)
PRIVACY ACT NOTIFICATION (APR 1984)
PRIVACY ACT (APR 1984)

RESTRICTIONS ON CONTRACTING WITH SANCTIONED PERSONS
(MAY 1989)

AUTHORIZATION AND CONSENT (APR 1984)

NOTICE AND ASSISTANCE REGARDING PATENT AND CCPYRIGHT
INFRINGEMENT (APR 1984)

FILING OF PATENT APPLICATIONS - CLASSIFIED SUBJECT MATTER
(APR 1984)

PATENT RIGHTS - RETENTION BY THE CONTRACTOR (SHORT FORM)
(JUN 1989)

INSURANCE - IMMUNITY FROM TORT LIABILITY (APR 1984)
INSURANCE - LIABILITY TO THIRD PERSONS (APR 1984)

DISCLOSURE AND CONSISTENCY OF COST ACCOUNTING PRACTICES
(SEP 1987)

ASSIGNMENT OF CLAIMS (JAN 1986)

CONTINUITY OF SERVICES (APR 1984)

LIMITATION OF LIABILITY - SERVICES (APR 1984)
TERMINATION (COST-REIMBURSEMENT) (MAY 1986)
EXCUSABLE DELAYS (APR 1984)

GOVERNMENT SUPPLY SOURCES (APR 1984)
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DoD FAR CLAUSES TITLE AND DATE

252.203-7001

252.203-7002

252.223-7500

252.225-7001

252-225-7023

252.227-7013

252.227-7018
252.227-7029
252.227-7034

252.227-7037

252.231-7000
252.231-7001
252.231-7003
252.251-7000

252.271-7001

SPECIAL PROHIBITION ON EMPLOYMENT (MAR 1989)

STATUTORY COMPENSATION PROHIBITIONS AND REPORTING
REQUIREMENTS RELATING TO CERTAIN FORMER DEPARTMENT OF
DEFENSE (DoD) EMPLOYEES (APR 1988)

DRUG-FREE WORK FORCE (SEP 1988)

BUY AMERICAN ACT AND BALANCE OF PAYMENTS PROGRAM (APR
1985)

RESTRICTION ON ACQUISITION OF FOREIGN MACHINE TOOLS (JAN
1989)

RIGHTS IN TECHNICAL DATA AND COMPUTER SOFTWARE (OCT
1988)

RESTRICTIVE MARKINGS ON TECHNICAL DATA (OCT 1988)
IDENTIFICATION OF TECHNICAL DATA (APR 1988)
PATENTS - SUBCONTRACTS (APR 1984)

VALIDATION OF RESTRICTIVE MARKINGS ON TECHNICAL DATA
(APR 1988)

SUPPLEMENTAL COST PRINCIPLES (APR 1984)

PENALTIES FOR UNALLOWABLE COSTS (APR 1988)
CERTIFICATION OF INDIRECT COSTS (APR 1986)

ORDERING FROM GOVERNMENT SUPPLY SOURCES (APR 1984)
RECOVERY OF NONRECURRING COSTS ON COMMERCIAL SALES OF

DEFENSE PRODUCTS AND TECHNOLOGY AND OF ROYALTY FEES
FOR USE OF DoD TECHNICAL DATA (FEB 1989)

INTRODUCTION - 17



7 November 1991

AFOSR/PKO

Bldg. 410, Room C-124
Bolling AFB, DC 20332-6448
Attn: Ms. Kathleen Wetherell

Dear Ms. Wetherell:
Enclosed for your approval is the model subcontract for the Research Initiation Program under the
Summer Research Programs (Contract F9620-90-C-0076). The blanks will be filled by merging

information from our dBase IV database.

Sincerely,

Abe S. Sopher
Contracts Manager

cc: AFOSR/NI (Lt. Col. Cavendar)
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ATTACHMENT 2:

SAMPLE TECHNICAL EVALUATION FORM AND TECHNICAL

EVALUATION SUMMARY




1992 RESEARCE INITIATION PROGRAM TECHNICAL EVALUATION

RIP NO: 92-2
RIP ASSOCIATE: Dr. Charles Kibert

Provided are several evaluation statements followed by ratings of (1)
through (5). A rating of (1) is the lowest and (5) is the highest.
Circle the rating level number you best feel rates the statement.
Document additional comments on the back of this evaluation form.

Mail or fax the completed form to:

RDL

Attn: 1992 RIP TECH EVALS
5800 Uplander Way

Culver City, CA 90230-6608
(Fax: 310 216-5940)

1. This RIP report has a high level of technical merit 123
2. The RIP program is important to accomplishing the lab's 123
mission

3. This RIP report accomplished what the associate's proposal 1 2 5

promised
4. This RIP report addresses area(s) important to the USAF 123
5. The USAF should continue to pursue the research in this 123
RIP report

6. The USAF should maintain research relationships with this 123
RIP associate

7. The money spent on this RIP effort was well worth it 123
8. This RIP report is well organized and well written 123

9. 1I'll be eager to be a focal point for summer and RIP 123
associates in the future

10. The one-year period for complete RIP research is about 123
right
#444USE THE BACK OF THIS8 PORM FOR ADDITIONAL COMMENTS###&#

LAB FOCAL POINT'S NAME (PRINT):

OFFICE SYMBOL: PHONE:
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TECHNICAL EVALUATION SUMMARY

Technical Evaluation Questionnaire Rating Factors

Subcontract no. 1 2 3 4 5 6 7 8 9 10 Average
135 5 4 5 4 4 4 4 4 5 5 4.4
50 4 4 5 4 4 4 4 3 5 5 4.2
3 4 3 3 3 3 3 3 3 3 4 3.2
71 4 4 4 4 3 5 5 4 5 5 4.3
152 3 4 3 4 4 3 4 3 4 5 3.7
147 5 5 5 5 5 5 5 5 5 4 4.9
011 4 4 5 4 5 5 5 4 5 4 4.5
106 5 5 4 5 5 5 5 5 5 5 4.9
83 5 4 5 5 5 5 5 5 5 4 4.8
26 5 4 4 5 5 5 5 5 4 4 4.6
8 5 3 4 4 5 5 5 3 5 5 4.4
120 1 5 2 4 5 3 2 1 4 4 3.1
133 3 2 4 5 5 4 3 4 3 5 3.8
108 5 4 4 5 5 5 5 5 5 5 4.8
76 5 55 5 5 5 5 5 5 3 4.8
122 5 5 5 5 5 4 5 5 5 5 4.9
92 4 5 5 5 5 5 5 5 5 5 4.9
47 5 5 5 5 5 4 4 5 5 5 4.8
57 4 4 4 5 5 4 4 4 4 2 4.0
17 5 5 5 5 5 5 5 5 5 5 5.0
5 5 3 4 4 4 5 5 5 4 3 4.2
62 5 4 5 4 4 5 5 5 5 5 4.7
74 4 3 4 4 4 4 5 4 4 5 4.1
53 4 3 4 4 3 _4 3 5 3 4 3.7
84 5 4‘ 4 5 5 5 5 5 5 4 4.7
145 4 4 5 4 5 5 5 5 5 4 4.6
35 5 5 5 5 5 5 5 5 5 5 5.0
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Technical Evaluation Questionnaire Rating Factors

Subcontract no. 1 2 3 4 5 6 7 8 9 10 Average
59 5 4 5 5 5 5 5 5 5 5 4.9
115 5 5 5 5 5 5 5 5 5 5 5.0
118 4 5 5 5 5 5 5 4 5 4 4.7
104 5 3 4 3 5 4 5 5 4 5 4.3
6 3 5 5 5 3 5 5 4 5 3 4.3
28 5 4 5 5 5 4 5 4 4 4 4.5
51 5 5 4 5 5 5 5 5 5 4 4.8
16 5 5 5 5 5 4 5 5 5 5 4.9
54 5 4 5 4 5 4 5 5 5 5 4.7
56 3 3 5 4 5 3 4 5 5 5 4.2
69 4 5 4 5 5 4 5 5 5 5 4.7
72 5 5 5 5 5 5 5 5 5 5 5.0
129 5 5. 5 5 5 5 5 5 5 5 5.0
58 3 4 5 4 3 4 5 4 4 4 4.0
144 5 5 5 5 5 5 5 5 5 5 5.0
80 5 5 5 5 5 5 5 5 4 4 4.8
136 5 4 5 5 5 5 5 5 5 4 4.8
55 5 5 5 5 5 5 5 5 5 4 4.9
77 5 4 3 4 3 4 4 4 5 4 4.0
15 5 4 5 5 5 5 5 4 5 5 4.8
70 5 4 4 5 5 5 5 5 5 4 4.7
140 5 5 5 5 5 5 5 5 5 5 5.0
79 4 34 5 4 5 4 5 5 4 5 4.4
63 5 5 5 5 5 5 5 5 5 5 5.0
97 5 4 4 5 5 5 5 5 5 5 4.8
1 5 4 4 4 4 5 4 4 5 3 4.2
44 5 5 5 5 5 5 5 5 5 5 5.0
141 5 4 5 4 4 5 5 5 5 4 4.6
98 5 5 5 5 5 5 5 5 5 5 5.0
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Subcontract no.

Technical Evaluation Questionnaire Rating Factors

1 2 3 4 5 6 7 8 9 10

Average

81

105

25

18

138

1

4.1

5.0

4.2

4.5

4.5

5.0

Avg by factor:

4.5 4.2 4.5 4.6 4.7 4.6 4.7 4.6 4.7 4.4

INTRODUCTION - 22

4.6




HETERODYNE LASER SPECKLE IMAGING THROUGH ATMOSPHERE

Richard Anderson
Professor

Department of Physics

University of Missouri-Rolla
Rolla, MO 65401

Final Report for:
Research Initiation Program

Phillips Laboratory

Sponsored by:
Air Force Office of Scientific Research
Bolling Air Force Base, Washington, D.C.

December 1992

1-1



HETERODYNE LASER SPECKLE IMAGING THROUGH ATMOSPHERE
Richard Anderson, Professor
Department of Physics
Steve E. Watkins, Assistant Professor
Rathnakar Gopisetty
Electrical Engineering Department

University of Missouri-Rolla
Abstract

Coherent heterodyne imaging can provide information on atmospheric targets such as
satellites. A heterodyne imaging system can be successfully used for finding the parameters such
as target image and velocity by recording the field scattered by the diffuse target when
illuminated with coherent light. The heterodyne systems can record both phase and intensity of
the scattered field. Non-heterodyne systems detect only the light intensity and therefore loses
some target information. For instance, photographic plate recording is useful only to find the
velocity under noiseless conditions'. To extract the incoherent target image from the recorded
field, the data of a large number of frames is spatial Fourier transformed and averaged assuming
the target motion is negligible between the frames. If there is a small shift in the target position
between the frames, the multiple imaging can produce a set of fringes from which the
components of perpendicular velocity of the target are determined. Large target shifts between
the frames will result in change in the target perspective from one frame to another. Within
certain limits of the target movements, these frames remain correlated and a cross-correlation

of images of different frames can produce the target velocity.



HETERODYNE LASER SPECKLE IMAGING THROUGH ATMOSPHERE
Dr.Richard Anderson, Dr.Steve E. Watkins, Rathnakar Gopisetty

INTRODUCTION

In the case of coherent speckle imaging of atmospheric targets, the target parameters of
interest are incoherent target image and target motion. The target speckle pattern which encode
this information can be detected by using a heterodyne system that can record the magnitude and
phase of the scattered field from the target. The target speckle is produced by taking a spatial
Fourier transform of this field. A high signal to noise ratio is obtained by mixing the weak target
field with a strong Local Oscillator(LO) field®.

Speckle is a random intensity distribution produced when coherent light is either
scattered by a rough surface or propagated through a medium with random refractive indices.
The statistical properties of this speckle depend both on the coherence of the incident light and
the properties of the rough surface being illuminated®. The light rays falling on the random
surface will be scattered in different directions and the speckle pattern produced is due to the
complex addition of many elementary contributions of the light rays. In a sense the speckle
patterns code the information about the object yielding a high degree of redundancy. Because
of this, a speckle pattern may be used as a random carrier of the information. In the following
sections some of these properties of the speckle are used to characterize object motion when
illuminated by a collimated laser beam.

A study of speckle properties show that multiple imaging of the speckle patterns can
determine the parameters of the target motion®. The target image is also obtained by averaging
a number of speckle patterns at different time intervals. This procedure leads to the removal of
speckle noise in the images. Further the perpendicular motion in the target between the frames
is found by analyzing the shift in the field in the target plane. A considerable movement of the
target between the frames can also change the perspective of the speckles produced in the

consecutive frames. But within certain limits these speckles remain correlated when the

correlation coefficient between the these speckles is greater than 1/e. In such cases the cross-
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correlation between the frames can provide the target velocity. The theoretical study of the

cross-correlation to be used both in target and detector planes is carried out using scalar field

theory.

THE HETERODYNE IMAGING SYSTEM
In the case of the heterodyne imaging system, the scattered field is heterodyned or mixed

with the local oscillator field which is about 10 times that of the reflected field. The illuminating

beam and the Local Oscillator beam are produced from the same source by using a beam splitter

as shown in Fig.1.

Heterodyne Imaging System
Mirror CCD camera
Laser
4
—T Lens
ACH Filter The LO beam
Targer mount

Beam Reflected beam
splittef L

AOM Beam expandexr

Mirror |_- Illuminating beam
Figure 1

The acousto-optic modulator shifts the frequency of the beam when passed through it so
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that both the beams have different frequencies. The reflected field from the target is mixed with
the LO field by means of a beam splitter so aligned that both the fields propagate in the same
direction. Before mixing the reflected field and the LO field are polarized in the same sense by
using two polarizers (not shown in Fig. 1). The heterodyning results in four different terms, the
LO intensity, the target intensity and two interference intensity terms which lie at the
intermediate frequency. This frequency is the difference between the LO frequency and reflected
field frequency. The LO field is real and constant while the reflected field from the target is a
complex function. The heterodyned field is scanned by the CCD array placed the focal length
of the lens.

The target parameters can be found by using multiple imaging technique in which the
target intensities are recorded and superimposed on a photographic plate!. But the presence of
atmospheric noise distort the signal and the technique cannot be useful in such conditions. The
main advantages of the heterodyne system are that it is used to retrieve very weak signals
present in the target field. It improves the signal-to-noise ratio to a large extent. It is also used
to find the phase between the real and the imaginary components in the target field. This phase
can be useful in finding the target information. The field measured in the detector plane will
be directly proportional to the complex field scattered by the target. Since it gives the complex
field, instead of intensity, as in photographic plate recording', the phase components can be
extracted by separating the real and imaginary parts of the field.

The target plane corresponds to the plane of motion of the target. The target is considered
to move in the direction normal to the illuminating beam. At each position the target is scanned

by a CCD array placed at the focal length of a lens. The scan rate of CCD is high such that the
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motion of target within each frame is negligible and the target is virtually at the same position.

Hence a same speckle perspective is realized in each frame.

DETERMINATION OF TARGET IMAGE

The imaging system contains two planes, the target plane and the detector plane. The
position vector in the target plane is u which can be represented by the coordinates (u,,u,) and

let r be the position vector in the detector plane. A optical signal of field E; is incident on a

rough target such that
E=E exp(jw 1) Y

The scattered field from the target surface depends upon the reflection coefficient of the target

surface. This reflection coefficient depends upon the wavelength and the positional vector and

is given by*

P (4)=p()exp(ip()) @
where E and ¢ depends upon the incident and scattered angles at that particular position vector.

We have

_Scattered field 3)

p() Incident field

This implies, the emergent field from the target is
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E (u,))=p(WE,exp(w, 1) 4

=p(W)E expljd(w)lexp(iw ) o)

The factor p(u)E, represents the amplitude of the emergent waves and is proportional to the

square root of the intensity.

p(W)E, =K\/I(u) where K is a constant )

Before the heterodyning process, the Local Oscillator beam is spatially filtered and there is a
phase difference between the signal incident on the target and the LO signal. This phase
difference is neglected in the following treatment. The emergent signal from the target is mixed

with this local oscillator beam. The LO signal field is given by

E ,(up) =Ewcyl(u)ej Wiof) )

where cyl(u) is a cylinder function due to the spatial filter.

These two fields are mixed by a beam splitter and passed through a lens where they are
detected by a CCD detector array placed at the focal length. Hence in the detector plane, the
fields due to the target and LO are given by the Fourier transform of E,(u,t) and E, ,(u,t)
respectively. The position vector of each point in this plane is given by r. Therefore the field

in the detector plane due to the target signal can be given by

i} l Ty €Y @®)
Eps(r)=K,| H(- /) g

In the above equation, the phase term is ignored as it cannot be used in calculations. Due to the
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Fourier transform, the position vector u will be replaced with the transfer function given by
Optical Transfer Function=ALf 9)

where f is the focal length of the lens between the two planes. Also the field due to the LO in
the detector plane is given by’
Epo(r:)=Eoexpliw ) Fleyl()] (10)

The Fourier transform of the cylinder function F[cyl(u)] will produce a sombero function*

sgmb(L)e_xmy)_ an
Af] JAf

When the pinhole of the spatial filter is very small, the sombero function is nearly unity.

Therefore we have

B0 Zexpliexplon, ] 1

The total mixed field detected at any point on the detector is the sum of these two fields. These
two fields are also polarized in the same order.
E(r)=E,(r})+Ep; ,(r;0) (13)

This resulting signal is at the intermediate frequency which is the difference between the signal
and the LO frequencies. The heterodyne signal intensity in the detector plane will be

proportional to the square of the sum of these two signal fields and is given by

s(rt)<(Eps*Ep; o) "(Eps+Ep o) (14)
This will produce
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s(r)=C, | Eps|*+C, |Epyp|* +C3[EDSE "pLotXPUW) +Ep oE " pexp(~f w”,t)] (15)
Where C,, C, and C, are constants. The contribution of the first two terms which are small
signal intensities, is negligible. Therefore the heterodyne signal at the intermediate frequencies

is given by

S(rO)=EpE”* ) oxp(w ) +Epyy JE*  €XD(=jwyet) (16)
This signal is the sum of the two sidebands at the positive and negative intermediate frequencies,
w and -wp respectively. From this equation, the magnitude of the signal at the positive

intermediate frequency is

m(r,w,p) =K‘/'IL—OS(r) where S(r)= H(%f)@exp[icb(%j)] an

A spatial inverse Fourier transform of this signal represents the field in the target plane (u plane)

at the positive intermediate frequency and can be given as

M(u,w,)=K\[T, o/ I@)exp(p () (18)
where y(u) is the Fourier transform of ¢(r/Af).
A complex conjugate of the above equation will represent the signal at the negative intermediate

frequency.

M,y =M *(u,w,) =K\/T o/ T)expl jy )] (19)
The image of the target can be successfully extracted by taking a product of terms due to the
signals at +wy and -wy; intermediate frequencies in the target plane. This will also represent

the power density spectrum of the signal detected in the detector plane?.
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1) =M(uw )M *(u,w;5) (20)
In order to remove the speckle noise, N such images from N different frames are taken and
averaged. Within each frame, the motion is considered to be very small and the target is
virtually at rest.

i=N
I‘W(u)«%‘z0 MGw )M (awye) @1)

This will give an improved heterodyne image of the target with a high reduction in the speckle.

INTENSITY FOR FINITE TARGET DISPLACEMENTS
As described above, a spatial Fourier transform of the field obtained in the detector plane

yields the signal M(u,wy) at the positive intermediate frequency wy in the target plane and is

given by

M(uw;p) =K T o/ T@expli ()] (22)
A complex conjugate of this term will give the field in the target plane at the negative
intermediate frequency -wy.. From this the intensity in the target plane is given by averaging

the power spectral density over a large number of frames which is

k=N (23)
I(u) =—Ilv Lt E M (u,W”,)M ‘(u’wlp)
N~eog=)

In all of these derivations, the target motion is very small and assumed negligible between the
recordings of two different frames and the target is assumed to be nearly at the same position.
In practice, if the scan rate of the CCD detector is low compared to the target motion,

there will be some amount of displacement in the target position whose effect cannot be ignored.
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Due to this motion, the original speckle pattern will be shifted with a new speckle representation
occurring at the initial position. This shifted speckle pattern can have a different appearance in
which case the target perspective is considered to be changed.

Let the target is moving with a constant speed and let there are equal time periods
between the scans of two consecutive frames. But within a frame, the target motion can be
considered to be small enough that the target is virtually at the same position. The positive

modulus of the field in the target plane produced due to the point u in the first frame is

Mu,w) =K1 5/ Twexpliv ()] @4)
In the detector plane, the 4wy sideband of the signal is given by taking the spatial Fourier

transform as in Eqn. 17.

m(r)=K/T,,S(r) 25)
where
S(r)=F1yKwyexp(iy )] (26)

where F represents the Fourier transform of the term. In the second frame, let the target move
a distance d from the initial position. Since the imaging and recording angles don’t change, y(u)
depends only on the point under consideration which is now (u+d). Therefore, theoretically in

the target plane, the modulus of the field after the target motion will become

M(u+d)=K\[T,o/Iu+d)expliy (u+d)] 27

This shift can be expressed as a convolution of the original field with a delta function as'
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M(u+dw)=K [T, [VI@expliy )]}®8 (u+d) 28
The motion is assumed to be only in one direction, say u,. A spatial Fourier transform of this
field will give the field in the detector plane after the shift. The convolution with the delta

function will result in multiplication with the exponential term in the detector plane.

m[r,w;p) =Kﬁl—0,5'(r)exp[-jkd] where k=-53; (29)

where m,(r) represents the field at any point r after the target has shifted a distance d and f
represents the focal length. Thus due to the shift in the target position, the original field will be

modulated by an exponential term and therefore it cannot be used for the averaging purpose to

remove the speckle noise.

One method to overcome this problem is that at each position (u+nd) where n is any
integer, in the target plane, the field obtained in the detector plane m,,(r,w;) must be inverse
Fourier transformed to find the field in the target plane M(u+nd). This field should be
convoluted with an appropriate delta function 5(u-nd) to remove the shift in the target plane. For

a shift d in the target plane, the field obtained is

M(u+dwy)=K\[T,/Iu+dexpljy (u+d)] (30)

This is convoluted with 6(u-d) and we have

M/(u+dwg) =K@\/I(u +d)exp[(u+d))D8(u-d) 31

Taking a spatial Fourier transform of this function will result

1-12




m(r) =K‘/ITOS(r)exp[ikd]exp["jkd] (32)

=K T550) (33)
which is equivalent to the original target field before the shift and this factor can be used for the
averaging purpose to extract the target image removing the speckle.

Therefore if M(u+d), M(u+2d)...M(u+nd) are the positive modulii of the fields in the
target plane taken in the frames 1, 2, ..N respectively with a displacement d of the target
between the consecutive frames, then a method for averaging these N samples in order to

remove the speckle noise is
M, () =M(u)+M(u+d)®8(u-d)+Mu+2d)Q8(u-2d)+.+Mu+nd)®3(u-nd)y (34

In practice the velocity of the target is not known and it is one of the factors to be
determined. Without the information about the velocity, d cannot be estimated for averaging

purpose. For the field in each frame, the power spectral density in the target plane can be given
by
P(u,u)=Mu)M *(u)=KI, ,J(u) 3%

This is proportional to the target image. The noise free target image can be successfully obtained
by averaging N such frames. A Fourier transform of this function will give the intensity in the
detector plane. This function also represent the autocorrelation of the signal in the detector

plane.
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C(r,)=KI, H(— (36)
(r,r)=KT oH( 3 f)
The target has experienced a displacement d between the frames and therefore the power spectral
density becomes
P(u+du+d)=KI, J(u+d) (38)

Then, in the detector plane, the intensity factor will be given by taking a Fourier transform of

this function.
Crr =KIwH(Ir})e 4 whereL=r|Af (39)

If N such samples are summed in the target plane, we have
I (w)=KT, o [J(u) +I(u+d) +1(u+2d).... +I(u+nd)] 40)

Therefore in the detector plane we get a Fourier transform of this function
H(» =K1wH(ALf)[1+ef“+ei2“...+ef"”] 1)

Summing up the geometrical series, we have

sin (N+DLd
r 2
- - 42)
H,(r)=KI, ,H( )‘R

. Ld
Sm(—i‘)

This equation will give a set of fringes at the positive and the negative intermediate frequencies.
The distance between the consecutive fringe peaks will be proportional to the distance d. Thus

d can be found and since the time period between the frames is known, the velocity v=d/T,
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which T is the time period between the consecutive frames can be found.

VELOCITY ESTIMATION USING CROSS-CORRELATION

In the earlier cases we have dealt with the shift in the target field in the target plane in
which the resulting target field after the shift can be expressed by the same functioﬁ as before
the shift. This is valid for small target shifts in which the noise introduced is relatively the same
for the fields before and after the shifts. If M,(u) is the target field at positive intermediate
frequency in the target plane, and if the target shifts by a small distance d, then the resulting
field is expressed as M;(u+d). But if d is large enough, then a different field realization takes
place in the target plane and it cannot be represented as a function of M,. Let this field be
expressed by a different function M,(u+d). A cross-correlation between these two functions will

produce the amount of similarity between these two functions and is expressed as
Ry 10 (= [M )M, (u+d)du 43)

Unlike the auto-correlation function which always has a peak value at the origin, the cross-
correlation function has a peak value shifted from the center. This shift of the peak value
corresponds to the shift in the target field between the two functions. Since the time period
between the two field recordings is known, the knowledge of the shift in the peak value can
directly lead to the determination of the velocity of the object.

One of the important requirements is to determine whether the field obtained after the
target motion can be correlated with the initial field and obtain the information about the target.

A powerful tool for expressing the amount of correlation between the two is to estimate the
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correlation coefficient function given by®

RMle(d)_p’MlpMz

Paan,N)= - - 44)
TRy, O3[Ry (0) -,

where Rulu, , RM1M2 are the autocorrelation functions 45

Wy By, Gre mean values. (46)

The correlation coefficient function varies between 0 and 1 depending upon amount of
correlation between the two fields. If the correlation coefficient is zero, then the two fields are
totally uncorrelated and they are independent with respect to one another. On the other hand if
correlation coefficient is unity, the two fields can be represented by the same function and are
totally similar. In most cases, a correlation coefficient greater than 1/e is considered to be
required to correlate the two fields and find the information from them. If this function is less
than 1/e, then it is regarded that no information is obtained by correlating the two fields.

As can be seen from the equations, the process of finding the cross-correlation and the
correlation in the target plane involves complex integrations. In order to simplify the
representations, the correlation estimation can be also performed in the detector plane where the
complex integrations can be eliminated. The cross-spectral density due to the two fields can be
estimated by complex multiplication of the two fields obtained in the detector plane. The fields
obtained in the detector plane are the spatial Fourier transforms of the fields in the target plane.
The cross-spectral density is also equal to the Fourier transform of the cross-correlation obtained
in the target field. Let m,(r) represent the field which is Fourier transform of M,;(u) and my(r)

is the Fourier transform of the M,(u). Therefore the cross-spectral density can be given by®.
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Syt =FIRyy (@] )

=m (ymy (7) (48)

where r represents the spatial units in the detector plane. These two are directly proportional to
the signals obtained in the detector plane. Unlike the power spectral density, the cross-spectral
density is the complex function. In order to find the information about correlation, the quantity

must be expressed in terms of real and imaginary parts. This can be expressed as

SMle(r) =CM1M2(I‘) "jQMlMZ(r) 49)
The real part called the coincident spectral density or cospectrum can be expressed in terms of

cross-correlation as

+e

Cou, ()= f Ry, yy (m)cos2mrm dm (50)

The imaginary part in terms of cross-correlation can be expressed as

+00

Qu 0, (1= f R, Mz(m)sin21rrm dm (51)

In terms of magnitude and phase the cross-spectral density can be expressed as

SMle(r) = ISMJMZ(r) lexp[ —jBMIMZ(r)] (52)

where
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(53)

1S4, =/ Cit s+ Qi)

01,10, =tan™}

Qa0 (N (54)
Curae,

Unlike the power spectrum which is an even function with a peak at the origin, the
cross-spectral density has the peak shifted from the origin. This shift in the peak value is directly
proportional to the target shift from the initial position of the target. By using the optical transfer
function between the two planes, the corresponding shift in the target plane can be estimated.

The transfer function in this case is given by

r
u:._—

Af
where f is the focal length of the lens used in between the target and the detector planes.
Since the time period between the recordings of the two target fields is known, the
perpendicular velocity of the target can be estimated. The direction of the velocity can be found
by the sign of the phase i.e., the sign of the quad spectrum. The positive phase angle means
M,(u) follows M,(u) and thus there is a positive spatial shift in the target field. This means the
target has moved in the positive u direction. The negative sign of quad function means the target

is moving in the negative u direction.

For estimating the amount of correlation in the detector plane, the coherence function can

be calculated. This function is equivalent to the correlation coefficient function in the target

plane and is written as
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ISM,MZ(") |2

S" M, 1(r)SM2Mz(r)

(55

2
YMle(r )=

where SMlMl(r) » Sy ,M,(') represent power spectral desities

This function varies between 0 and 1. The coherence function of unity represents the ideal case
or the totally correlated case and coherence function of zero represents the complete uncorrelated
case of the fields. An important property of this coherence function is that it doesn’t vary due
to the linear transformations of the two fields in which the resulting fields can be represented
by the same function. If M,;(u) is shifted to M,’(u)=M,;(u+d) and M,(u) is shifted to
M,’(u)=M,(u-+d), then the resulting coherence function between the shifted fields is equal to

the initial one. i.e,

I (56)
MM, Y MM)
These theoretical analysis can be better interpreted if the cross-correlation and the cross-spectrum

of the speckle images obtained by the experiment are performed.

Conclusions

Heterodyne imaging can be used to find the field in the target plane by a direct spatial
transform of the field in the detector plane. It can detect both the magnitude and phase of the
field scattered by the target. The overall signal-to-noise ratio in the detected field will be highly
reduced. The incoherent target image is found by averaging a large number of frames assuming
the target motion be negligibly small between the frames. This type of temporal filtering will
lead to the reduction in the speckle noise. Fringe patterns can be formed by taking multiple

recordings in the detector plane and superimposing them. In this case the target has moved a
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finite distance between the frames which cannot be neglected. These fringes can provide

detection of perpendicular target velocity.

If the motion between the frames is large, a different speckle is realized in each frame.
The cross-correlation of two different speckle images can be done to estimate the velocity of the
target, if the speckles are correlated. These speckles remain correlated till the correlation
coefficient is greater than 1/e. Theoretical analysis show that the cross-spectral density found

in the detector plane provide a similar interpretation as the cross-correlation in the target plane.
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Numerical Studies of Inversion Problems
Arising in Lidar Measurements

Frank P. Battles
Professor
Department of Basic Sciences
Massachusetts Maritime Academy

Abstract

The refractive index structure parameter, C%, is a typical parameter which cannot be measured
directly, but can possibly be inferred by ground based lidar measurements of some related parameter.
The measured parameter is typically related to C% via a weighted integral. To a first approximation,
the integral equation can be replaced by a lower triangular system of linear equations which can then
be inverted either iteratively or by matrix inversion. We have looked at the nature of such solutions for
different weighting functions taking into account the possible ill-conditioning of the system and have
looked at the response of solutions to the inherent randomness of both the measured parameter and C,zl.
We find that even very small errors (of the order of %%) have severe effects on the inversion process.
On the other hand, the crossed path technique due to the sharp peaking of the associated weighting

functions looks very promising as a grounded based lidar measurement method for measuring C%.
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NUMERICAL STUDIES OF INVERSION PROBLEMS
ARISING IN LIDAR MEASUREMENTS

Frank P. Battles

INTRODUCTION

We begin by summarizing a general formulation of the lidar approach to Cgl due to Beland
and Krause-Polstroff™, the primary reference of this report which will here after be referred to as BK.
Suppose that g is some optical effect measured by a lidar system using a gated return from an altitude
z;. Then

)

Z;

gz) = | CABWAz;h) dn
0

where the integration is to be carried out along the path of propagation and A is the optical
wavelength. Assuming a weak altitude variation of Cj; over a.range gate, we replace C2 with C%(z ), a
weighted average of C2 over the altitude bin (z 1% ) We approximate the above by

g(z;) = Z W;; Ca(z))
J...

=wg (*)

where the matrix W is lower triangular with elements

%y

Wij = J W()\,zi,h) dh, forj <i
2;_1
and
Wij =0, forj > 1.
G and C are vectors whose elements consist of g(z;) and C%(zi) respectively.

We have two methods of inverting equation (*):
c l=w-lg

i—1
C,Ql(zi) = (Wz'i) -1 [g(zz-) - Z WijC%(zj)]

i=i

or

i.e. by matrix inversion or by iteration.

BK next goes on to look at several specific optical parameters (image dancing in particular)
and the associated weighting functions. Qualitative speculation suggests some possible problems with
inverting equation (). This we will look at quantitatively.

The bulk of BK looks at the crossed path technique and this we shall also consider.
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GENERAL APPROACH

Throughout we assume a source or sources at z = 10000 m. We will first either assume an
exponential form for C%(zl-) or used measured values to calculate a value for G. We next allow for
experimental error by letting each g(zi) be replaced by g(zi) + A where A is a certain percent of either
g(z;) or g(10) times a randomly generated fraction < 1. Given this slightly altered form for G we then

re-solve for ng and compare to the inputted profile.

IMAGE DANCING

Let g(z;) = < 62(Zi) > represent the mean square beam wander. Then it may be shown!

that
Wi =Ko (10— y/5)™ P — 1= )Py for <

where K is a constant which depends on the geometry of the lidar system.

In what follows, we take K =1, 2,4, = 10 km and let n = the number of subdivisions. In
Table 1 is shown the matrix W for n = 10. By qualitative argument, BK points out that it is to be
expected that Wii/Wij<<1 for 1 for i < j which we can see is true for this case.

To investigate numerical stability for this case we assume a C% profile of the form 910 =z,
From this profile we calculate g(z;) and then invert the system (using both matrix inversion and
iteration) to resolve for C%, In Table 2 is shown the results of such a computation for n = 10. In this
Figure, CN2in is the assumed profile and CN2out is the calculated profile. The %diff column gives the
percent difference, which although not exactly zero, is of the order of 10 ~ 11 for this case for either
inversion method. This column remains essentially zero until n is increased to about 26 where roundoff
and truncation errors take over, even with double precision. We therefore conclude that for n = 10,

these errors are negligible and either matrix inversion or iteration may be used.

We next introduce some randomness into our calculations. We assume the same input profile
for C%, calculate G, add to each component of G a random percent of g(i) and recalculate C,%. We
find that, except for extremely small perturbations, the recomputed C% bears no resemblance to the
inputted profile for z>3 km. Table 3 shows a sample output where we allow each g; to vary by 0.5%.
In this able, gr(z;) is the randomly generated value of g(z;); then gr(z,) is used to recompute C%. We
next looked at the effects of allowing each g(z;) to vary by a random percentage of g(10) which should

more accurately reflect the effects of experimental error. These results are shown in Table 4.
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It was also suggested that we use a “real” profile of C% in that the assumed functional
dependence may be too smooth. Shown in Figure 1 is a thermosonde derived profile of C,zl for z>3 km.
Below this altitude we used a model of the form C% =107 14/z. Results obtained were no different
than before. See Tables 5-6 for typical results. These tables are again for a random component of 0.5%

on each g(z;), with percentage calculated on each g(z,) in Table 5 and on g(10) in Table 6.

We also looked at letting other parameters such as each W, j and z; vary randomly. Again
even small variations have drastic results on the recomputed C% profile. It was further suggested that
we look at the results of averaging sets of random calculations for C% out. Again drastic variation is

observed.

SCINTILLATION

For a point source at altitude z;, the variance of log-amplitude (scintillation) observed by a
receiver at ground level is given by1
%
2 7/6 2 5/6 5/6
oha) = 0.566® | Chn)(n/2)*/® (a;- )/ an
0

where k = 27/

In this case the weighting function is peaked at the path midpoint. Making the same approximations
as in the case of image dancing and assuming that we can approximate the exponent of 5/6 with 1

(this latter approximation has no qualitative effect on what follows) we have
W.. =K {[2.2/2—23/(32)] = [z; _12/2—2. _{3/(32.)]} forj < i.
1] Jj J i j—1 j—1 1 -

We again set K = 1. Shown in Table 7 is the matrix W for z = 10 km. In Table 8 we show the
results of inputting C% as an exponential function, calculating g, and inverting to find C%. There is no
problem with the inversion process for n<25. The “0”’s in the %diff column are of the order of 10 ~ 12
In Tables 9-10 we show the effects of slightly perturbing g; in Table 9 gr(z;) = g(z;) +.5% g(z;) and in
Table 10, gr(z;) = g(z;) +.5% g(10). Even this slight perturbation has drastic effects on the inversion

process although less so than in the case of image dancing. Tables 11-12 show representative effects for

an actual C% profile.
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CROSSED PATH TECHNIQUE

Based on the above discussion we conclude that very small errors in the measurements of G
result in unacceptable results for C%(zz-) for all but very low lying levels. This is due to the fact that a
small error in a value of g(z;) for z; will effect all of the values of C%(z j) for j <i. This in turn is due
to the fact that the weighting functions involved in image dancing and scintillat